Staphylococcus aureus and coagulase-negative staphylococci, including Staphylococcus epidermidis as a leading species, have emerged as the most frequently isolated pathogens in nosocomial sepsis and cause more infections associated with use of medical devices than any other group of microorganisms (28) .
S. epidermidis, a predominant inhabitant of the skin and mucous membranes, is presently known to be an opportunistic pathogen, causing infections in immunocompromised hosts or patients with implanted medical devices, such as intravascular and peritoneal dialysis catheters, prosthetic heart valves, or orthopedic prostheses. These infections can be described as "chronic polymer-associated infections" (15) . A characteristic feature of this kind of infection is the ability of the causative microorganisms to colonize surfaces of biomaterials in multilayered biofilms, which are structured communities of cells enclosed in a self-produced polymeric matrix, an amorphous slimy material, which is loosely bound to staphylococcal cells. This ability to form biofilms is believed to make the microorganisms more resistant to administered antibiotics and to host defense mechanisms (46) . Due to a certain existing nonuniformity in terminology, in this paper we use one adopted by Hussain et al. (22) , and use the term "biofilm" to refer to an accumulated biomass of bacteria and extracellular material on a solid surface. The more ambiguous term "slime" is defined as a mucoid extracellular substance holding a community of bacterial cells as cell aggregates (22) .
Extracellular antigenic markers of staphylococci related to slime or biofilm production have been intensively investigated in the past decade, and S. epidermidis RP62A (ATCC 35984), which is considered a reference biofilm-positive strain, was used as a preferential model strain for such studies by a number of authors. The extracellular antigens of this organism were isolated and studied independently by three different research groups (Table 1 ). An extracellular capsular polysaccharide adhesin (PS/A) was first isolated by Tojo et al., as members of the group of G. Pier (Boston, Mass.), from the culture supernatant of S. epidermidis strain RP62A in 1988 (45) . PS/A has been reported to be the component of the bacterial cell surface and biofilm layer that mediates cell adherence to biomaterials and protects the bacterial cells from host defenses (38) . Two years later, Christensen et al. (6) described a slime-associated antigen (SAA) isolated from the same strain that had a similar function. SAA was claimed to be different from PS/A due to a relatively high glucose content. However, after reinvestigation of the chemical composition of SAA, Baldassari et al. (1) suggested that SAA and a hex-osamine-containing polysaccharide intercellular adhesin (PIA) of S. epidermidis strains RP62A and 1457, described at that time by Mack et al. (34) , could be the same antigenic molecule.
Later, Mack et al. (33) were the researchers to elucidate a chemical structure of PIA. Using a combination of analytical methods and two-dimensional nuclear magnetic resonance (NMR) spectroscopy, PIA was identified as a linear ␤-(136)-linked N-acetylglucosaminoglycan partially substituted with Osuccinyl groups. Part of the N-acetylglucosamine units was found to be deacetylated and therefore positively charged in aqueous media. The genes encoding PIA biosynthesis are organized in the ica (intercellular adhesion) operon (icaADBC), which consists of four open reading frames with a transcriptional repressor gene, icaR, located upstream and transcribed in the opposite orientation (7) . The ica locus was later found in a number of S. aureus strains, and its presence was related to the ability of the bacteria to form biofilms in vitro (8) . To define the activities of the polymer synthesized by the icaencoded proteins, a fragment of chromosomal DNA of S. epidermidis RP62A containing the icaABC locus was cloned and transferred to a biofilm-negative strain of Staphylococcus carnosus, strain TM300. The recombinant strain S. carnosus TM300(pCN27), unlike the parent strain, was adherent to glass and was able to form intercellular aggregates as well as to produce PIA (18) . McKenney et al. (38) subsequently demonstrated that the recombinant S. carnosus TM300(pCN27) antigen was identical to PS/A and "chemically related" to but distinct from PIA in molecular size, solubility, and substitution of the majority of the amino groups of the glucosamine residues with succinate. This polymer, named poly-N-succinyl-␤-(136)-glucosamine (PNSG), was later found to be produced as a major surface polysaccharide antigen of clinical strains of S. aureus isolates from patient lung and sputum samples. Cultivation of these isolates in vitro resulted in decreased production of PNSG. It was suggested that as a prominent target for protective antibodies, PNSG had potential as a vaccine candidate for use against staphylococcal infections (39, 40) . However, subsequent studies carried out by the same group showed that the presence of the N-succinyl groups in PNSG was an analytical artifact.
An interest in further investigations of a relationship between PIA and PS/A was indicated recently (15, 32) ; however, no direct comparative structural study of PS/A [or PNSG, poly-␤-(136)-N-acetylglucosamine (PNAG), or S. aureus exopolysaccharide (SAE)] and PIA has been carried out yet. Such a study seems even more necessary in view of functional differences still attributed to these two polysaccharides (see the recent review by von Eiff et al. [47] ). The relationship between PIA and staphylococcal slime also requires clarification. In a recent review on staphylococcal biofilms it was suggested that, "in retrospect, in most cases 'slime' was very likely PIA," and in particular, in the wellstudied strains S. epidermidis RP62A and O-47 "slime" and PIA are the same (15) . This postulate, however, contradicts previous data from studies in which S. epidermidis "slime" was reported to consist of teichoic acid (TA) (about 80% [wt/wt]) and 20% protein (22) .
TA is another extracellular carbohydrate-containing polymer produced by S. epidermidis RP62A (19, 20, 45) . While cell wall (CW) TA is a common component of all gram-positive bacteria, extracellular (EC) TA has been discovered only in a limited number of species (10, 23) . Hussain et al. (19) found that the chemical compositions of CW and EC TAs of S. epidermidis RP62A were very similar. Both TAs contained glycerol, phosphate, glucose, glucosamine, and D-alanine. In our recent study, we established the chemical structure of the CW and EC TAs of S. epidermidis RP62A (43) and showed that they are (133)-linked poly(glycerol phosphate), substituted at the 2 position of glycerol residues with ␣-Glc, ␣-GlcNAc, D-Ala, and, most interestingly, ␣-Glc6Ala. The importance of teichoic acid and particularly the importance of the presence of D-alanine substitution in the cell wall teichoic acid in biofilm formation by S. aureus were recently demonstrated (16) . In S. epidermidis, the CW TA significantly enhances adhesion of the bacterial cells to fibronectin-coated surfaces, which suggests a possible role as a bridging molecule between microorganisms and immobilized fibronectin in early stages of S. epidermidis pathogenesis (21) .
However, there has been no clear indication of the role that extracellular teichoic acid may play as a constituent of biofilm or slime of S. epidermidis. Interestingly, Karamanos et al. (26) suggested that the main component of the extracellular slime of S. epidermidis, including strain RP62A, was neither PIA nor teichoic acid but rather was a 20-kDa polysaccharide, the chemical structure of which has not been established.
In the present study, we characterized the extracellular poly-␤-(136)-N-acetylglucosamine produced by S. epidermidis model biofilm-positive strain RP62A and confirmed its structural identity to the PNAG (PS/A, SAE) produced by the "PS/A-hyperproducing strain" S. aureus MN8m (36) under the same growth conditions and isolated using similar purification procedures. We also assayed the production of the two major cell-associated extracellular carbohydrate-containing polymers produced by S. epidermidis RP62A, PIA and extracellular teichoic acid, depending on the growth conditions, and we demonstrated that they both are constituents of a biofilm produced by this strain. Preparation of cell-associated polysaccharides. Crude extracellular matrix was prepared and fractionated essentially as described by Mack et al. (33) . Briefly, bacterial cells were collected by centrifugation (4,500 ϫ g, 4°C, 20 min), suspended in phosphate-buffered saline (PBS) (pH 7.4) or 0.9% NaCl (pH 5.9), and sonicated on ice in a plastic container (IKASONIC sonicator; 50% amplitude, cycle 0.5, four times for 30 s; IKA Labortechnik, Staufen, Germany) to extract the cell-associated extracellular material. Cells and insoluble material were removed by centrifugation (4,500 ϫ g, 30 min at 4°C). The supernatant was further clarified by a short high-speed centrifugation (12,000 ϫ g, 15 min at 4°C) and filter sterilized to give a crude extract, which was further concentrated using an Amicon ultrafiltration cell with a 10-kDa-cutoff membrane (Millipore, Bedford, MA). The concentrated crude extract was applied to a Sephacryl S-300 column directly or after precipitation of proteins by addition of trichloroacetic acid (TCA) to a concentration of 5%. Fractions corresponding to PIA (PNAG) were pooled and then freeze-dried or concentrated using an Amicon cell. Fractions corresponding to EC TA were freeze-dried and, if necessary, purified as described previously (43) .
MATERIALS AND METHODS
For preparation of carbohydrate-containing polymers from biofilm, cells were grown in glass flasks without shaking, as described above. Medium and nonadherent cells were removed, and the biofilm, which formed on the bottom, was washed twice with 0.9% NaCl. The biofilm was removed from the glass surface by gentle scraping and suspended in 0.9% NaCl. The crude extract was prepared and fractionated on the Sephacryl S-300 column as described above.
For estimation of the relative amount of extracellular TA, an aliquot of the crude extract (corresponding to 1 liter of culture) after protein precipitation was dialyzed and freeze-dried. In order to remove possible trace amounts of lowmolecular-weight impurities, the residue was redissolved in 1 ml of water, desalted on a P10 cartridge (Amersham Biosciences, Succursale, France), and freeze-dried. To an aliquot (1/4) of the high-molecular-weight material 200 g of an internal standard (meso-erythritol; Acros Organic, Noisy-le-Grand, France) was added. The sample was freeze-dried, depolymerized with 48% hydrofluoric acid (HF) (Acros Organic, Noisy-le-Grand, France) for 48 h at 4°C. The HF was evaporated under a stream of nitrogen, and the residue was hydrolyzed with 4 M trifluoroacetic acid (Acros Organic, Noisy-le-Grand, France) at 120°C for 2 h and peracetylated using a 1:1 (vol/vol) mixture of acetic anhydride and pyridine for 50 min at 100°C. The amount of teichoic acid was assayed by gas-liquid chromatography (GLC) (with program b [see below]), with judging by using the relative ratio of glycerol to erythritol, and was expressed in g of glycerol per liter of culture.
Isolation of the polysaccharide fractions in TSB and BHI. Five grams of Bacto Tryptic Soy Broth was dissolved in 3 ml of water. Proteins were precipitated by addition of TCA to a concentration of 5% and were removed by centrifugation, and the clear supernatant was fractionated on a Sephadex G-50 column. Fractions corresponding to the void volume (TSB PS ) were pooled, freeze-dried, and analyzed by GLC as alditol acetates and by 1 H-NMR spectroscopy. The polysaccharide fraction of the BHI medium (BHI PS ) was prepared and characterized in a similar way.
General and analytical methods. Glycerol and monosaccharides were identified by GLC with a Shimadzu GC-14 B gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector and a Zebron ZB-5 capillary column (30 m by 0.25 mm; Phenomenex, Torrance, CA) by using hydrogen as the carrier gas and the following temperature programs: 170°C for 3 min and then an increase to 260°C at a rate of 5°C/min (program a) and 140°C for 3 min and then an increase to 260°C at a rate of 10°C/min (program b). Polysaccharide samples were converted to alditol acetates by conventional methods following hydrolysis with 4 M trifluoroacetic acid at 120°C for 2 h. Samples containing TA were depolymerized with 48% HF prior to hydrolysis.
Gel permeation chromatography was carried out on a Sephacryl S-300 column (1 by 90 cm; Pharmacia Biotech, Uppsala, Sweden) and a Sephadex G-50 column (1.6 by 95 cm; Pharmacia Biotech, Uppsala, Sweden) irrigated with water. Fractions (5 ml) were assayed colorimetrically for aldose (13) and amino sugars (14) . In order to study the charge distribution in PIA, anion-and cation-exchange chromatographic analyses were performed. Anion-exchange chromatography was carried out on a column (0.7 by 7 cm) of Q-Sepharose fast flow (Pharmacia Biotech, Uppsala, Sweden) equilibrated with 25 mM phosphate buffer (pH 7.4). Charged fractions were eluted from the column with 1 M NaCl in the same buffer. Fractions (2 ml) were collected and assayed for neutral sugars and amino sugars. Cation-exchange chromatography was performed on a column (0.7 by 5 cm) of carboxymethyl cellulose (Sigma, Saint Quentin Falavier, France) equilibrated with 25 mM sodium acetate buffer (pH 4.5). Charged material was eluted with 1 M NaCl in the same buffer. Fractions (2 ml) were assayed for neutral sugars (13) , total amino sugars (14) , and nonacetylated amino groups of hexosamine as described by Smith and Gilkerson (44) without the initial treatment with 0.5 M HCl. Glucosamine and N-acetylglucosamine (0.1 mg/ml) were used as standards. Dialysis was performed with Spectra/Por membranes (Spectrum Laboratories, Inc., Rancho Dominguez, CA) with molecular weight cutoffs of 6 to 8 kDa against deionized water.
NMR spectra were recorded at 25°C in D 2 O with a Varian UNITY INOVA 500 instrument using acetone as the reference ( 1 H, ␦ 2.225 ppm; 13 C, ␦ 31.5 ppm). Freeze-dried PIA samples were dissolved in 5 M DCl (30 l), and the total volume was adjusted to 1 ml with D 2 O. Alternatively, PIA samples were prepared essentially as described by Maira-Litran et al. (36) 
RESULTS
Optimization of PIA production and purification. To establish the optimum growth conditions for reproducible and sufficient production of PIA by S. epidermidis RP62A, cells were grown in TSB under different conditions as described above. The production of "slime" was observed visually as formation of cell aggregates, indicating the adherent aspect of these bacterial cells in culture. For all growth conditions tested, cells expressing an adherent extracellular material were collected by centrifugation, and the extracellular matrix (crude slime) was extracted from the pellet by sonication on ice under conditions excluding cell lysis. To ensure minimal cell lysis, cell viability was checked in preliminary experiments by viable counting before and after sonication at different intensities (data not shown). Such mild extraction conditions allowed us to avoid contamination with polymers of cellular origin (CW TA, intracellular proteins, and nucleic acids). The extract was concentrated and directly applied to a Sephacryl S-300 column. Fractions were assayed for neutral and amino sugars ( Fig. 1) and analyzed by 1 H-NMR spectroscopy, and, upon complete acid hydrolysis, the sugar composition was determined by GLC as the corresponding alditol acetates. Since the phenol-sulfuric acid assay for neutral hesoxes (13) has very low sensitivity for glucosamine, simultaneous screening of fractions using colorimetric assays for neutral and amino sugars was required to establish the elution profile for PIA. The profiles obtained were corroborated by a Smith-Gilkerson assay (44) with and without preliminary acid hydrolysis for total amino sugars and amino sugars with a free amino group, respectively. We have found that the Elson-Morgan assay is more suitable for monitoring the PIA purification and fractionation procedure than the generally used Smith-Gilkerson assay (32, 33, 38) , since it is less laborious and less sensitive to the presence of salts and other impurities. Preliminary experiments allowed us to obtain relatively high yields of PIA when cells were grown in TSB supplemented with glucose under the aero-anaerobic conditions described in Materials and Methods with moderate shaking (40 to 60 rpm) and aeration (the volume of the bacterial culture was 60 to 70% of the volume of the Erlenmeyer flask).
Production of "slime" under these conditions was quite pronounced. A typical gel filtration profile on the Sephacryl S-300 column of the crude PBS extract of S. epidermidis RP62A grown in TSB supplemented with 1% glucose under aeroanaerobic conditions is presented in Fig. 1 . PIA was eluted at the beginning in the void volume of the column, followed by a relatively long, sometimes slowly declining, profile. We referred to these two fractions of PIA as PIA-1 and PIA-2 to distinguish them from "polysaccharide I" and "polysaccharide II" of S. epidermidis 1457 (33), representing neutral and negatively charged fractions of PIA, respectively, as separated by anion-exchange chromatography. GLC analysis revealed that glucosamine was the only monosaccharide component of both PIA-1 and PIA-2. Both fractions were poorly soluble in water but well soluble in 5 M HCl, as described by Maira-Litran et al. (36) .
For NMR analysis, samples were dissolved in 30 l of 5 M HCl/D 2 O, diluted with D 2 O, and exchanged several times with D 2 O using an ultrafiltration cartridge as described by MairaLitran et al. (36) . Their 1 H-NMR spectra were similar to those reported for the poly-␤-(136)-N-acetylglucosamine backbone of polysaccharide I (33) or PNAG (36) (Fig. 2) . According to GLC analysis, only trace amounts of polysaccharide components from the TSB PS contaminated PIA-2. Screening of the fractions eluted from the Sephacryl S-300 column for protein showed that these contaminants usually had lower molecular weights and therefore were easily separated from PIA by column chromatography. Moreover, the amount of proteins in the crude extract could be significantly reduced by adding TCA to a concentration of 5% prior to gel filtration.
Charge distribution in PIA and its solubility characteristics. Total PIA (PIA-1 and PIA-2) could be separated into two practically equal fractions by cation-exchange chromatography on carboxymethyl cellulose at pH 4.5. In the neutral fraction, only ϳ4% of glucosamine residues had free amino groups, while up to 30% of glucosamine residues in the charged fraction were nonacetylated and carried a positive charge. The average content of nonacetylated glucosamine residues in total PIA (17%) was in good agreement with the data reported by Mack et al. (33) .
Using a Q-Sepharose (pH 7.4) anion-exchange column, PIA was separated into neutral and negatively charged fractions with a relative ratio of about 5:1, a value close to that obtained by Mack et al. (33) for polysaccharides I and II isolated from S. epidermidis 1457 (about 7:1).
In most preparations, PIA-1 and PIA-2, once lyophilized, were very poorly soluble in water and usually precipitated from aqueous solutions at concentrations higher than 1 mg/ml. In some cases, however, the solubility of lyophilized PIA in water was good. All PIA preparations were soluble in 5 M HCl (36), forming viscous solutions.
Sample preparation for NMR analysis and evidence of O succinylation. Maira-Litran et al. (36) used the following procedure for preparation of extracellular polysaccharide samples from S. aureus MN8m prior to NMR analysis. Samples were dissolved in 5 M DCl, neutralized with 5 M NaOD, and exchanged with D 2 O by several cycles of concentration and dilution using an ultrafiltration cartridge. The 1 H-NMR spectrum of the polysaccharide (referred to as PS/A and PNAG) prepared in such a way was practically identical to the spectrum of polysaccharide I (33) and corresponded to the homogeneous ␤-(136)-N-acetylglucosamine backbone with traces of free amino groups (indicated by a very small and relatively broad peak at ca. 2.7 ppm). While polysaccharide I represented the fraction of PIA lacking the negative charge bearing substituents, in case of PS/A (PNAG) from S. aureus the Osuccinyl substituents were, most probably, cleaved off the polymer during sample preparation for NMR analysis and thus could not be detected even though they were possibly present in the original sample. epidermidis RP62A on a Sephacryl S-300 column. Cells were grown in aero-anaerobic conditions in 6 liters of TSB supplemented with glucose (1%, wt/vol). Aliquots (100 l) of each 5-ml fraction were assessed for neutral sugars (F) (at an optical density at 485 nm) and amino sugars (■) (at an optical density at 530 nm). OD, optical density. To address the problem of the presence of O-succinyl groups in PIA from S. epidermidis RP62A, we first obtained a negatively charged (and, therefore, O-succinyl-enriched) fraction of the PIA by anion-exchange chromatography. The negatively charged fraction was dialyzed, concentrated to a small volume, and de-O-acylated with 10% ammonium hydroxide. The residue was lyophilized, solubilized in DCl, and analyzed by 1 H-NMR spectroscopy. As expected, an intensive sharp peak of the free succinate released due to alkaline hydrolysis was present at 2.6 ppm; this peak was similar to the one observed for the free succinate in SAE samples prepared in alkaline buffer (25) . The resonance at 3.05 ppm, corresponding to H-2 of the nonacetylated glucosamine residue, was also present in the spectrum (Fig. 3a) . The 1 H-NMR spectrum of the positively charged fraction of PIA (see above), prepared without concentration/dilution steps, also showed resonances characteristic for the O-succinyl substitution: two small signals of O-succinyl group methylene protons centered at 2.4 and 2.6 ppm, as well as a signal of H-3 at 5.1 ppm assigned to a ␤-GlcNAc residue carrying the O-succinyl substituent (25) (Fig. 3b) . Interestingly, in some preparations native PIA had a 1 H-NMR spectrum corresponding to the homogeneous ␤-(136)-N-acetylglucosamine backbone, thus showing that the charged groups were not always present in the macromolecule. Moreover, the positively charged fraction of PIA (retained on the carboxymethyl cellulose column) appeared to be also substituted with O-succinyl groups, while no O-succinyl substituents were found in the neutral fraction. In a separate preparation, PIA was fractionated on an anion-exchange column as described above, and the fractions were assayed for total amino sugars (14) and amino sugars with free amino groups (Smith-Gilkerson assay without preliminary hydrolysis). In the negatively charged fraction retained on the column, ca. 25% of glucosamine residues were deacetylated, while the neutral fraction contained only 5% deacetylated glucosamine residues. This fact might lead to speculation that two populations of PIA are synthesized by S. epidermidis RP62A, a mostly neutral ␤-(136)-N-acetylglucosaminoglycan, "polysaccharide I" (33) , and "polysaccharide II," in which both positive (free amino groups) and negative (O-succinyl groups) are present. The relative quantities of the two populations vary from one preparation to another.
Determination of the ester-linked phosphate. In order to avoid possible contamination of the PIA with phosphate-con- taining compounds, we used 0.9% NaCl instead of PBS for crude slime extraction, and, for the subsequent chromatographic step, water was used as an eluent. PIA prepared in such a way contained no detectable inorganic or organic phosphate (5). The absence of phosphate was confirmed by NMR analysis (data not shown). Structural relationship between PIA and PNAG (SAE) from S. aureus MN8m. To address the question of structural relationship between PIA and PNAG (SAE), we isolated extracellular cell-associated polysaccharides from S. epidermidis RP62A and S. aureus MN8m grown under the same aeroanaerobic conditions favorable for slime production with moderate shaking or directly as a biofilm on a glass surface without shaking. Cell-associated polysaccharides were isolated using a simple procedure described in Materials and Methods. The elution profiles of crude extracts obtained from the two strains on a Sephacryl S-300 column were very similar (Fig. 4) . The 1 H-NMR spectra of the polysaccharides were practically identical (Fig. 4) , indicating the close similarity of the two polysaccharides. The only detectable difference between the two polymers seems to be a higher proportion of both negatively (O-succinates) and positively (free amino groups) charged groups in PNAG from S. aureus MN8m (25), as judged by the relative intensities of the peaks at 5.1, 2.7, and 3.0 ppm, respectively ( Fig. 4a and b) .
Production of cell-associated PIA and EC TA under different growth conditions. In our previous study, we characterized the extracellular teichoic acid of S. epidermidis RP62A produced under aerobic conditions in TSB (43) . However, the structural role of EC TA in biofilm formation and slime production by biofilm-positive staphylococci still remains unclear. To address this question, we first studied the relative amounts of PIA and EC TA in cell-associated polymeric material of S. epidermidis RP62A produced under different growth conditions in TSB and BHI. The relative amount of cell-associated carbohydrate-containing polymers could be estimated by examining the Sephacryl S-300 elution profiles, as shown in Fig.  5 . All the profiles were produced by analyzing material recovered from 2 liters of bacterial culture and crude extracts prepared by identical extraction methods. The amount of PIA could be estimated by the size of the high-molecular-mass amino sugar-positive fractions. EC TA was eluted later in the fractions positive for both neutral and amino sugars, in agreement with the fact that it contained both glucose and glucosamine (43) .
Moderate shaking. As mentioned above, we found that moderate shaking under aero-anaerobic conditions in TSB favored slime and PIA production (Fig. 5c) . Only small amounts of cell-associated EC TA (less than 50 g of glycerol per liter of culture) were produced under these conditions. In BHI, with moderate shaking, formation of cell clusters and adherence of cells to the glass surface were almost as notable as they were in TSB. The PIA production, however, was much lower than that in TBS under the same conditions (Fig. 5d) , while the production of EC TA was higher (around 300 g of glycerol per liter of culture). The amount of protein in the crude cell-associated matrix was also higher in BHI than in TSB (data not shown). We observed that the crude cell-associated matrix formed in BHI had good solubility in water, which was not always the case for the matrix formed in TSB. We assumed that poorly soluble PIA in this case could have formed a more soluble complex with EC TA and proteins. This complex sometimes eluted as a single broad peak from the S-300 column (data not shown). Interestingly, TAs are known to form stable soluble macromolecular complexes with glycogen and bovine plasma albumin in alcohol solutions (11) .
Vigorous shaking. Under aerobic conditions with vigorous shaking in both TSB and BHI, slime production was much less apparent, and the production of PIA in TSB was five-to sevenfold lower than that under aero-anaerobic conditions with moderate shaking in the same medium (Fig. 5a and b) . Surprisingly, under both conditions, addition of glucose (1%, wt/ vol) to TSB did not seem to affect PIA production (data not shown), although the ability of glucose to increase biofilm formation by staphylococci has been described by several authors (35, 42) .
Without shaking. In TSB, S. epidermidis RP62A forms a thick adherent biofilm on a glass surface. We found that PIA is the main constituent polysaccharide of this biofilm (Fig. 5e) , which is in a good agreement with previous data indicating that PIA is involved in cell adherence to glass surfaces (17) and also plays a role as an "extracellular glue" at the later stages of biofilm formation (15) . In BHI, formation of a biofilm on glass was less pronounced, which correlated with reduced production of PIA in this medium (Fig. 5f) .
It is important to emphasize that in both media the EC TA was indeed clearly shown to be an integral part of the extracellular matrix and of biofilms in particular. GLC analysis of the lower-molecular-weight fractions (Fig. 5) indicated the presence of glycerol, glucose, and glucosamine, which is a characteristic composition of EC TA of the strain used (43) .
DISCUSSION
It has been established that coagulase-negative staphylococci and S. aureus produce under the appropriate conditions biofilms that mediate adherence of bacterial cells to biomaterials and help the organisms avoid the host immune defense (15) . The role of polysaccharides in constitution of these biofilms was also unambiguously demonstrated previously, and the icaADBC locus containing the genes responsible for biosynthesis of the linear ␤-(136)-linked N-acetylglucosamine polymer was identified both in S. aureus and S. epidermidis, which are major nosocomial staphylococcal pathogens (8) . In the present study, we developed a simple cultivation protocol favorable for PIA production by a model biofilm-positive strain, S. epidermidis RP62A. We established that aero-anaerobic conditions in TSB with moderate shaking or without shaking ensured the best yields of PIA. These results are in agreement with the previously published data. TSB is known to stimulate biofilm formation by S. epidermidis (32) , and anaerobic growth conditions were recently shown to induce PIA expression and ica gene transcription in S. aureus and S. epidermidis (9) . High yields of PIA directly correlated with a "slimy" appearance of bacterial cultures (formation of cell clusters and adherence to glass surfaces of Erlenmeyer flasks).
A simple PIA purification protocol is also suggested here. Much attention was paid to exclusion of the possibility of misinterpretation of the monosaccharide composition of the PIA due to contaminating polysaccharides arising from the cultivation media, since several erroneous reports that arose due to such mistakes have been presented in the past (12) . In contrast to the previously used methods (32) , in this protocol we avoided using alkaline eluents and included only one chromatographic step, which allowed separation of PIA and EC TA and a colorimetric assay of these compounds in the eluted fractions. Extracellular teichoic acid fractions and proteins eluted separately from PIA on a Sephacryl S-300 column.
Thus, the PIA purification scheme suggested here is simpler than the one described by Mack et al. (32) and results in PIA of sufficient purity. Moreover, PIA obtained using this mild procedure is close to its native form; all the charged groups in the molecule have been conserved because of the absence of any harsh treatment or ion-exchange chromatography purification steps. Besides, the lack of phosphate in both extraction and elution media allowed us to avoid erroneous phosphate FIG. 4 . Elution profiles of crude extracellular extracts of S. epidermidis RP62A (a) and S. aureus MN8m (b) grown as biofilms on a glass surface and 1 H-NMR spectra of the corresponding high-molecular-weight fractions (c and d). Aliquots (200 l) of each 5-ml fraction were assessed for neutral sugars (F) (at an optical density at 485 nm) and amino sugars (■) (at an optical density at 530 nm). The data were obtained for 1 g (wet weight) of adherent biofilm for both strains. For NMR analysis, samples were dissolved in 30 l of 5 M DCl and diluted with D 2 O. The peak assignments are the same as those in Fig. 2 . OD, optical density.
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identification, as has occurred previously (33) . PIA was characterized by chemical methods and using high-field NMR spectroscopy. In agreement with previously published data (33), our results showed the structure of a ␤-(136)-linked N-acetylglucosaminoglycan, with part of the N-acetylglucosamine residues deacetylated. Approximately 20% of the PIA had a net negative charge due to the partial O-succinyl substitution.
To date, very little NMR evidence for the presence of the charged groups in PIA from S. epidermidis has been presented. Using hetero-correlated 1 H-13 C NMR techniques, Mack et al. (33) showed that the small proton peak at 2.87 ppm correlated with the carbon resonance at 57.92 ppm and assigned it to H-2 of the free glucosamine residue. This was the only NMR evidence for the presence of nonacetylated glucosaminyl residues, and additional proof was obtained by chemical analysis. Even though enzymatic assays indicated that ϳ6% of glucosamine residues in polysaccharide II were O succinylated, there was no NMR evidence for the presence of the O-succinyl groups in PIA from S. epidermidis. This is the first time that the presence of O-succinyl groups in S. epidermidis RP62A PIA was unambiguously confirmed by an NMR investigation.
There are currently several terms that are used to describe extracellular staphylococcal polysaccharides that are involved in biofilm composition and to which the role of mediating adhesion to biomaterials is ascribed. A list of the terms used for description of N-acetylglucosamine-containing antigens from staphylococci together with the corresponding references is shown in Table 1 . It seems especially important to clarify the structural relationship between "PS/A" and "PIA," since traditionally different functions are attributed to these two polysaccharides (primary attachment of bacterial cells to an artificial surface and "consolidation" of the accumulated extracellular matrix in the biofilm created, respectively) (47) . It is noteworthy that in the early studies, the term PS/A was assigned by researchers from the group of G. Pier (45) to the glucosamine-containing extracellular antigen of S. epidermidis RP62A, the same strain for which the term "PIA" was later introduced by a different research group (33) . In subsequent studies, Pier and coworkers applied the term "PS/A" to the extracellular polysaccharide from S. aureus strain MN8m, which was afterwards called PNSG (40) , PNAG (36) , and SAE (25) . Recently, Joyce et al. (25) demonstrated the quasi-identity of SAE (PNAG) isolated from "PS/A-overproducing strain" S. aureus MN8m (36) and PIA of S. epidermidis, which are both described as the "products of the same locus with minor structural variations arising from growth-or strain-de-pendent factors." The two main differences between SAE and "the published description of PIA" (25) were the O phosphorylation and the molecular mass distribution. The absence of O phosphorylation in PIA was clearly demonstrated in the present study. Concerning the molecular size of PIA, it was initially estimated to be ca. 130 ␤-(136)-linked N-acetylglucosamine residues (33) on the basis of methylation analysis. We, however, believe that this degree of polymerization leading to a calculated average molecular mass of 28 kDa (36) is a mistake due to the very probable depolymerization of PIA under the highly alkaline conditions of the methylation reaction that resulted in an exaggerated high ratio for the terminal glucosamine residue. Polysaccharides are known to undergo depolymerization under alkaline conditions of methylation (30) . In order to avoid this, borohydride reduction of the reducing unit is recommended to be performed prior to methylation analysis, particularly for amino sugar-containing polysaccharides (24) . Interestingly, the data obtained by the same group contradict such a low estimate for the molecular mass of PIA, since according to Mack et al., the polysaccharide was detected near the void volume of the columns when it was eluted on Sephacryl S-200 or S-300 (32) . This result clearly implies that the true molecular mass of PIA is in the range of hundreds of thousands, which is in accordance with our observations ( Fig. 1 and 5) . Furthermore, the direct comparison of the elution profiles for crude biofilms and the 1 H-NMR spectra of the corresponding polysaccharides in the present study clearly demonstrated the structural identity of PIA from S. epidermidis RP62A and PNAG (PS/A, SAE) from S. aureus MN8m (Fig. 4) . Interestingly, recent studies have shown that the initial distinction between PIA and PS/A was due to some trivial differences in polystyrene microtiter plates manufactured in Europe and the United States (17, 37) .
Therefore, it seems clear that SAE is PS/A and chemically PNAG. Analysis of the previously published data and results presented here clearly show that under identical growth conditions, a biofilm on a glass surface, the two strains produce identical polysaccharide antigens. The functions of the polysaccharide in these strains are, most probably, mediation of primary bacterial adherence to solid surfaces during the first phase of biofilm formation (a feature assigned to PS/A) and accumulation of bacterial cells into a biofilm during the second phase of biofilm formation, which is considered to be the property of PIA (31) . Therefore, our data confirm that, as stated by Maira-Litran et al. (37) , "PIA and PS/A are the same chemical entity-PNAG."
Since the ica operon encoding the biosynthesis of PIA (PS/A, PNAG, SAE) is present in a large number of staphylococcal strains (49) , it seems legitimate to propose that this linear ␤-(136)-linked N-acetylglucosaminoglycan is a common extracellular antigen of staphylococci involved in biofilm formation. To date, this antigen has been structurally characterized for S. epidermidis RP62A (33; this study), S. epidermidis 1457 (33), and S. aureus MN8m (25, 36) . It has also been shown that in some S. epidermidis clinical isolates the ica locus seems to encode a polysaccharide antigen different from PIA, an "immunochemical variant of PIA," which was called PIAv (29) . The chemical structure of PIAv remains unknown. Determination of the chemical structures of the products of the ica operon in different biofilm-positive staphylococci requires further investigation.
Recently, an unbranched poly-␤-(136)-N-acetylglucosamine involved in biofilm formation by Escherichia coli was isolated and characterized. The pgaABCD operon, related to biosynthesis of this compound, was found in a variety of eubacteria (48) . It is interesting that PNAG is an antigen which may play an important role in biofilm formation in a number of bacterial species, including both gram-positive and gram-negative species.
Another question addressed in the current study was analysis of the totality of the cell-associated carbohydrate-containing polymers in S. epidermidis RP62A. The structural role of PIA and the EC TA in the extracellular matrix under different growth conditions was therefore investigated. Hussain et al. (20) isolated an "extracellular high-molecular-weight carbohydrate polymer (EC)" from S. epidermidis RP62A grown in chemically defined medium and found that its composition was identical to that of the cell wall teichoic acid of this strain (19) . In a recent study, we established the exact chemical structure of both EC and CW TAs of this strain (43) . It was still not clear, however, under which conditions the EC TA was produced and, more precisely, whether it can be considered a constituent of the biofilm layer of S. epidermidis RP62A. In this study this question was addressed by using the very mild method for extraction of the extracellular matrix described here, where cells were not disrupted and therefore only EC TA, and not CW TA, was present in the crude extract of S. epidermidis RP62A. We established that the EC TA, along with a moderate amount of PIA, was a constituent of the extracellular matrix under aerobic growth conditions in TSB and BHI ( Fig. 5a and b) . When cells were grown with moderate shaking, which is favorable for formation of cell clusters, the composition of the extracellular matrix (slime) differed for the two growth media used. In TSB, the matrix contained mostly PIA and only trace amounts of EC TA, while in BHI the amount of PIA was smaller and the quantity of EC TA was significantly larger (Fig. 5c and d) .
It is known that the rich complex medium BHI modifies the physiological state of another gram-positive bacterium, Enterococcus faecalis, rendering it more resistant to osmotic stress (41) . On the other hand, production of exopolysaccharides by bacteria is thought to be related to their protective effect under environmental stress conditions (27) . The osmoprotective property of BHI could be one of the possible explanations for the low production of PIA by S. epidermidis RP62A in this medium.
We should point out that EC TA was clearly identified in this study as a part of a biofilm formed on a glass surface in both TSB and BHI. Under these conditions, the contamination of the EC TA with medium components was minimized because the biofilm was washed with 0.9% NaCl prior to scraping and extraction, and thus the elution profiles adequately illustrated the composition of biofilms (Fig. 5e and f) . It is therefore clear that, along with proteins, the biofilm formed by strain S. epidermidis RP62A contains two carbohydrate components, PIA and EC TA. The poly(glycerol phosphate) EC TA is a highly polar and hydrophilic molecule, while PIA is rich in relatively hydrophobic N-acetyl groups. The amounts of these two polymers vary depending on the growth conditions. Both macromolecules possess positive and negative charges due to substitution with charged groups (free amino groups and O-succinyl substituents in PIA, D-alanyl esterification in EC TA), the amount of which may vary and also can be influenced by the growth conditions. It can be concluded that the capacity to regulate positive and negative charges, as well as hydrophilic properties of its biofilm constituents, should increase the ability of S. epidermidis RP62A to form biofilms on surfaces with different physicochemical properties and to survive and proliferate under various environmental conditions. In summary, the present study demonstrates that PIA and the EC TA are the two main carbohydrate-containing polymers of the extracellular matrix and of the biofilm of S. epidermidis RP62A. Common extracellular antigens have been described previously for other biofilm-forming bacterial species, such as alginate in Pseudomonas aeruginosa (2) . An acidic exopolysaccharide containing a branched heptasaccharide repeating unit was characterized for a mucoid strain of Burkholderia cepacia (4) and was later found in a number of clinical and environmental Burkholderia cepacia strains (3) . Whether the product of the ica locus and the extracellular TA are common constituents of biofilms of S. epidermidis and other biofilmforming staphylococci has not been established yet. In this context, a more general comprehensive investigation of the role of PIA (or PIA-like polysaccharides) and EC TA as constituents of biofilms in other staphylococcal strains is a very important subject for future research.
